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ANTHRANX TOXIN: PRIMARY SITE OF ACTION*t

NORMAN 5. REMMELE, FREDERICK KLEEN, JAMES A, VICK. ] JERRY S, WALKER,

HILL

MAHLANDT AND RALPH K LINCOLN

From the Department of the \emy. Fore Detrick, Frederick. Moervland 2170,

Since Keppie et al (19353 demon-
strated that a lethal toxin was Jiberated
during in vivo growth of the Bacilius
anthracis organism, the site of action
-and mechanisim of death have wen the
subject of study and some controversy.
The principal theories of death ad-
vanced by workers since 19335 are those
of ta) secondary shock, which the
authors (Smith and Keppie. 1935) de-
fined as a pathological stite involving
cirenlatory failure: (h) asphuyxia, be-
cause the extremelv low concentration
of hload oxygen was noted Iy Nordberg
et al (1961) as the actual cause of death
h. anthrax; and (¢} direct effect o the
central nervous system as the primary
site of act'on (Lincoln et al, 1964). This
latter hy pothesis is strengthened I 2
accompany ing papwers (Vick et al, 1968,
Kiein c1 al. 196%) of this series which
show depressian of the rortical electrical
activity fobowing woxin and spore chil-
lenge. In addition, Fekert and Bon-
ventre (1963), working with the 1ein
only, verified that by poxia oceurred in
rats following challenge. The principal
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action of this phenomenon in the rat
was interpreted by Beall and Dalldori
(1966) as increased permeability of the
pulmoenary vasculature and by Grin
and Archer (1967) ds inhibition in lung
tissue of regeneration of picotinamide
adenine  dinucleotide. Tn this  series
Vick et al (1968) have shown depression
of the central cortical electrical activity
and, more  specitically.  the  central
respirittory mechanisn of monkevs chal-
lenged with toxin., Ther data do nom
show anyv cardiac changes until .
mediately before death. he study of
the pathaphysiology of monkeyvs, chim-
panzees, and rabbits (Klein et al, 1966)
dving of anthrax or of toxin challenge
combinis the terminal byvpoxia and .
remarkable parallel response between
spore and toxin-chaflengesd hosts, flow-
ever, 1t [ails 1o demonstrice a kidney
shutdown that acconpanies
shook.™

Considenng this hackground of con-
Hicting by potheses of death by anthros,

secondan

we considered 1t of interest 1o detine
more specifically the primary site ol
action of anthraxn tovun, This study,
therefore, concerned  with (he

physiological responses ohitained when

Wils

the tonin was placed in direct contacy
with the proposed central nervous sys-
tem target center and with determining
il death could be prevemed when the
affecred  phyvsiological
supported,

sysienis were

M THODN

Anthray tonin was prepared amd s
peteney was determined by g method

previoush deseribed b Tiines ¢ al
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{1965). The only exception was that
borse serum was notadded after centrif-
ugation and that the toxin was lvaph-
ihzed after filtration. The 1oxin was
then stored at =20 C. Each wube of
toxin was reconstituted  with  sterile
saline 10 the desired concentration. The
chemical characteristics of the toxin are
deseribed in an accompanving  paper
(\Vick et al, 1968).

Rhesus monkeys (Macaca  maulatta)
weghing 3.0 10 3.5 kg were used for this
experiment. Prior 1o the injection of
toxin cach animal was anesthetized with
pentobarbital sodimn (30 mg per kgl
The toxim was injected directly into the
cerchrospinal Huid  vie  the  cisterna
viagna talanto-oceipitad junction). AMrer
subdurad placenient of the needle 1 ml of
cerehrompinal fluid was removed and the
1.5 ml of toxin containing 1000 rat units
was injecietd.

Arterial amd venous blood pressures
were monitored continuonshy with no.
34 polvethylene wbing connected 1o a
Stathiin strain gaoge and recorded on
an Eoand M Physiograph. An arterial
vatheter was placed into the left femoral
artery, while venous pressure was re-
corded from a cannula inseried into the
saphenous vein and advanced ino the
inferior vena cava, Cannalac and tubing
between the test animal and recording
deviee contiined heparinized saline (10
units per mb. Heart cate, electrocardio-
eran (ERG), and respiration rate also
were dollowed with w pair of needle-
upped cleetreades placed subcutaneonsh
into cither side of the chest wall, amplhi-
ticd, and recorded on the physiograph.
The heart rate was recorded so that as
heart rate increased the width of the
trace decreased tigares 1, 3, 4, aml 5)
atd viee versa. Cardiae ouput was
monitored by a0 sine wave Statham

Ry V3001 electromagnetic Bow meter;
the clectrical mmtput was continuoush
recorded T a mudtichannel Sanborn

550 M (R) polvgraph. The ascending
aorta was located by surgery, and s How
probe, 7 10 9 nun in dismeter, was posi-
tioned immediately above the origin of
the coronary arteries. The probe teads
were exteriorized through the incision.
Vilues were obtiained Lefore challenge
and diastolie flow was used for derermin-
ing zero flow.

RESULTS

Physiolegical effects of the toxin. —
When 1000 fat units of anthrax toxin
were injected into the cerebrospinal
Huid, the monkevs expired at 6 to 10
minutes, which contrasts with the 30
hours required to kill when 10,000 iy
units were administered intria, cnousty
(Vick eral, 1968),

The pattern of death could be divided
into 3 distinet phases on the basis of
chinical observation and monitored phys.
iological responses (Ggure 1), Phase §

-was characterized clinically by tetanie
paralysis and complete cessation of res-
piration. which followed the injection
of 1oxin by o matter of seconds. Marked
changes oceursed physiologically within
15 to 20 seconds after injection. The
tetanic paralysis and severe musele con-
tractions produced artifactual changes
superimposed on the respiratory trace
theure 1) Thus, the respiratory pat-
terns recorded soon after injection of
toxin were due 1w viokent and severe
muscle contraction amd were not true
respiratory movements,  \lso, during
the hirst 13 seconds central venous pres-
sure increased sharphy from acontrob of
1102 mm of Hyg to a maximum of 2000
24 mm of Hy. At the same time arterial
pressure rose from 120010 2000 mm of Hy,
with some deceease in pulse pressure,
Simultaneoushv,  the  heart rate de-
creased from an average of 130 Leais
per mnute. However, this was quickhy
tollowed In & retarn 1o normal. NCap-
provintely 18O secods alter injection

s
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vhanges in EKG were observed  (al-
though they are not apparent in figure 1
because of recording techniques). These
changes appeiar consistent with myo-
cardial hypoxia (prolongation of the
P-R interval, depression of the T wave,
and inversivn of the QRS segment).

In the second phase from 180 10 360
seconds, intensive wuscle fasciculation
developed that was extremely noticea-
ble chinically as well as physiologically.
This fasciculation was reflected in the
central venous and arterial blood pres-
sure traces (hgure 1), The arwerial blood
pressure hegan o decrease, with some
slowing of the heart rate. The ERG re-
mained abnormal as in the first phase,
and some feeble attempts at respiration
were made.

Phase 3. the terminal phase from 360
seconds to death, was characterized
clinically by a loss of muscle rigidiny and
generalized Haccidity.  Prolonged and
progressive hypotension was evident by
360 seconds when the diastolic pressure
reached levels of around 25 mon Hy. The
pulse pressure was markedly increased
and central venous pressure remained
above normal until death. The heart
rate became irregular and progressively
slower, terminating in complete  ar-
rest. An increased and inverted T wave
was wvident from the ERKG tracings
thgure 1) and again is tvpical of myo-
cardial hvpoxia. Death at 420 1o 600
secontds followed embarrassed cespica-
tion that began within seconds after
njection and continued throughout ol
3 phases,

A surgically dmplanted aortic flow
probae and aomonitoring of the right and
left heart blood pressures reveaded the
following changes: G Within 13 see-
onds it infeetion of the toxin o the
rerebrispinal - fluid,  the aortiec Aow
drapped from 780 10 20 ml per minute
and at 130 seconds the flon was re-
corded as D thigure 2). (b The left hegn
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Frorke 2. Flow rate in the aorta following
challenge of 1900 unit~ of anthray toxin,

pressure dropped paralle] 10 that of the
aorta  {¢) The right heart pressure
showed a sharp rise, as shown by the
rise in central venous pressure thgure 1),

Controls.  In order 10 differentiate
the action of the toxin from nonspecitic
responses,  several controls were in-
cluded. For volume and diduemt con-
trols 3 monkeyvs were given subdural in-
jerctions of serile saline with volumes of
1, 3and 5 ml. o addition. 3 ml of cere-
brospinal haid were injected into o 41h
monkey to serve as a volume control,
For toxin controls inactivated  toxin
was prepared In 2 difierent means and
injected into several monkevs: ) 1000
rat units of toxin were reconstituted
with antiscrum (7000 neateabizing units
per ml) in place of the normal saline
diluent.  This  antiserim-neurralized
1oxnin did not kil either rats or monkeyvs,
(I} Tonin (TN rat pnits i saline) was
botled ina water bath for 68 minutes, 4
treatment that has previonsly been
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shown (Vick et al, 1968) to inactivate
the lethal activity of the toxin although
serological activity remains,

No abnormal physiological or clinical
responses were noted with any of the
volume or diluent controls. Upon injec-
tion of the inactivated toxin (hoth heat
and antiserum-mactivited). the physio-
logical and climcal parameters were
similar to those of the regular toxin chal-
lenge for the first 2 phases, exeept that
respiration continued very erratically
tiure 3). However, ilter 6 to & minutes
respiration returned to normal and, al-
though more regular, it was somewhat
slower and deeper. The heart rate and
ERG also returned 1oward normal at
the same time, as evidenced by the am-
plitude of the heart rate recording. The
continwation of an inverted T wave in-
dicated that mvocardial hypoxia still
existed. Upon recovery from anesthesia
the animals appeared clinically normal
and all 4 survived (2 with antiserim-in-
activated toxin and 2 with heat-inacti-
vated toxin).

Treatment

Arincial ventifutron.  From- the data
presented here and  from conclusions
drawn from accompanyving papers (Vick
et al, 1968 Kiein et al, 1965} it appeared
that, if respiration vould be maintained
or the smooth muscle contractions over-
come tas exemplified by vasoconstrie-
tion), then the lethal effeets of the woxin
could he prevented.

To test the cffect of maintaining res-
piration, animals were placed on
positive-pressire respirator prior (o ad-
ministration of wxin via the cerebro-
spinath fluid and were maintained in his
manner for 10 minutes after injection.
Figure 4 shows a reproduction of trac-
ings before and alter challenge that are
typical of the § animals tested. \gain,
within seconds atter toxin challenge the
Wlood pressure increased, 1t is imipor.

¥

tant to note, however, that the increase
in arterial blood pressure was such that
the upper limits of the recording gal-
vanomelter ire exceeded. The ERG be-
came almormal and the heart raae
slower. The tracings for respiration
show abmormalities that result from the
tremendous muscle spasms  that ac-
company tetanic paralvsis and general
muscle contraction.  Clinically, how-
ever, the respiration continued at regu-
lar intervals because the animals were
on the positive pressure respirator. Note
that adequitte ventilation was provided
to the animals at all umes. On the ex-
panded tracings in Ggure § (180 10 192
seconds) irregularities in heart rate and
EKG are apparent. These changes were
for the most part due to the A-\ disas-
sociation and undoubtedly  again 1o
mvocardial hypoxia. The blood pressure
remained high and did not fall at around
180 seconds, as during phase 2 withowt
maintenance of respiration, as previ-
ously noted in figure 1. A1 10 minutes
the animals were taken off the respira-
tor and were ithle o maintain their own
respiration, as evidenced by the tracings
in figure 4 and by visual observation.
Blood pressure and heart rate had re-
turned to normal. The ERG stll
showed some effects of myvocardial hy-
poxia but was greath improved over
that observed at 180 seconds. Al 3
animals recovered without any apparent
ill effects. y
Treatment  with  isoproterenal.  The
second approach to overcome the lethal
effects of toxin was the use of o beta
adrenergic  stimulant, bi-isoproterenol
hvdrochioride tEsoprel, Winthrop Lab-
oratories, New  York, New  York),
Figure 5 shows the tracing abtained
from a monkey given (000 rat units of
toxin via the cerchrospinal fluid and
then treated with isoproterenol. The
clinical and physiofogical effcets were
similar, i nov identical, 10 those shown
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in tigure U ountl the administration of
isoproterenol. At 420 seconds, a time
when the Blood pressure had reached
severe hy potension, te., diastolic pres-
sure less than 253 mm of Hy, isopro-
terenol was slowly admimistered  in-
travenoushy at 023 my per kg, Blood
pressure increased so that at approsi-
mately 340 seconds it was above normal
and the central venous pressure had re-
turned toward pormal. Heart rae in-
creased. The e sponse of the respiraton
syvstem was dran atic in that periods of
hyperventilation followed the infrves
nous infusion of isoproterenol. Following
periods of by perventilation periods of ir-
regular respiration were noted (higure 5).
The effect of isuproterenol in respiration
was retected in both the arterial and
central venous travimgs. These changes
are viewed s degree mereases in the
magnitude of trace and reflect inereased
mirathoracie pressure. However, by 630
secomds the blood pressure started 10
fall and a second infusion of isapro-
terenol administered at the same dose
restlted w responses idenvicil 10 those
following the first injection. Mter 13
minutes the monitored svstems tended
10 normalize themselves: The respiration
bl become more regalar as observed
linically and all 3 aninnads rreated with
isoproterenol survived.

DSt EssloN

Considering the fow doxage of toain
recquired vo kil in abhont 10 minutes and
the drastically altered physiologys of the
host, there is Hule doubst that anthrax
tenn atiects the central nervous system,
The many changes produced folowing
subhddural awhministration of toxin
be explined by a tremendous inerease
i central nervous system discharges,
which  result in severe pencralized
musche contraction of hoth smonth and
Ssheletad muscles, causing first an in-
crease in Llood pressure, then o rise in

central venous pressure and then . dreap
in aortic blood flow. The nital ah-
normalities i ERKG may be acconnted
for the same wiy. Changes noted in
FRG are tpical of mvocardial by
poxia, which follows the dyspiea noted
within 15 sevonds ader injection,

While it ts possible tha the toxin iy
have influenced the centeal nervons sus.
tem as a secondary nmanifestation ot o
direct cardiovascubur effect, evidenee
provided in the present report thgnres
1 and 4 indicates that the cenird
NUTVOIS SYStem was, e facl, prinney
From our tracings it is evident that res-
piration was affected victwadly istan-
taneowsty following injection ot wonin,
whereas changes in the artenial Dlood
pressure, central venous pressure, heen
rate, and ERG followed some 10 0 40
seeonds later,

The ultmate effect of the tonin an the
central nervous system is anonia, This is
cavsed Ina Lk of ovvgenation of the
Blaexd vither by itself or in conhinanion
with deereased blood flow . The serminad
anoxia could arise from several sourves:
() through a direet effeet on the respir-
tory center in the centeal nervons sys
wem, causing respiratory Laifure and o
Lick  of oxyvgenation, tn through g
tetanic parahvsis of the imeccostal and
diaphragmatic muscles, Lrising Hom -
creased  central vervous aostenr dise
charges, again resulting in respiraton
paralvsis and Lick of osyvgenation, Lond
te) ahrough o cardiovascular Ll
mediated by the  inereased centead
nervous svstent discharges, producing o
peneralized smooth misele consiriction,
The peneralized smooth musele con.
striction would also cause Lk of oa
genation through bronehial constriction

The resilis obtained with the inae
tivated forns of the toxan, e
vated with antiserum and heat, wonld
stigest that suevival depends on respi-
ration  continging bevause  the come-
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ponent aftecting the respiratory center
has been inactivated or the components
that cause the cemtral nervons system
cardiovasenlar fatlure have been aliered
i suech woway that the animal is able 1o
re-establish enongh Wlood flow 10 pre.
vent tenmninal anoxia,

Survival following the use of isupro-
terenol nan be attributed 10 dilatation
of the pulmonary vaseulature, which
would allow ininterrupued flow of blood
through the lungs, or to the known ac-
tion ol isoproterenol on the myo-
cardinm, which is an increased cardiae
output tBest and Tavlor, 1961). Either
one or both of these eflects could main-
taim or re-establish the funciion of the
ventral nervous system or - especially
the respuratory center by inereased eir-
culation and oxvgemation. The survival
ohtained Iy the use of 4 positive-pres-
sure respirator, however, may e dae to
one or amy combination of the 3 pre-
viousiv entioned canses of terminal
AL '

I o remote possibidlinng that the
dranmatie changes produced by sulwlural
whmimistration of the 1onin are caused
by component of the tovin that can-
not cross the blood-brain barrier in the
mlection or alter intravenous challenge.

However, we do not {eel this s the

case, 11 is more probable that subdural
alministration aecentuates the central
nervous sastem eflecis,

Facept for cases in which speciie an-
tiserim was administered, we beheve
this 1o be first demonstration that, in
antmals given lethal amonnts ol bae-
terial tonin, death can be prevented by
ststaining and maintaining the affected
primary - phasiological sustem. Wha-
ever the ultimate cause of the central
nervons  sustem-mediated  anosia,  the

therapeutic and supportive treatinent of
hacterial diseiases has now taken on a
new and exciting aspect.

SEMMARY

Administration of anthrax toxin via
the cerchrospinal fluid  demonstrates
positively  that  the toxin alters the
body's physiology, primarily via the
ventral nervous system, and Kills by
terminal anoxia mediated by the central
nervous system. - The use of 4 positive-
pressure  respirator and isoproterenol
prevented death in animals that had re-
ceived lethal doses of woxin. This demon-
steation of therapy for a lethal bacterial
toxin opens new avenues of investiga-
hon.
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